1. The utilization of [1,5-14C2]citrate by lung slices and cell cytosol preparations, and the activities of liver and lung cytosol citrate-cleavage enzyme (EC 4.1.3.8), L-malate-NAD oxidoreductase (malate dehydrogenase, EC 1.1.1.37) and phosphoenolpyruvate carboxylase (EC 4.1.1.32) were examined in normal and starved rats. 2. Lipogenesis from citrate was decreased by approx. 70% in both the phospholipid and neutral lipid fractions of lung slices from starved rats as compared with fed controls. 3. Incorporation of citrate by lung cytosol preparations into fatty acids was decreased by approx. 35 % in the starved rats. The apparent inhibition by avidin of fatty acid synthesis was overcome partially by preincubation of lung cytosol preparations with biotin. These results are consistent with the presence in lung tissue of the malonyl-CoA pathway for fatty acid synthesis. 4. Lung citrate-cleavage enzyme activity decreased in rats that had been starved for 72h whereas malate dehydrogenase and phosphoenolpyruvate carboxylase activities remained unchanged. The results suggest that the pattern of utilization of lipid precursors by rat lung may be altered during various nutritional states.
Various studies in vitro have demonstrated for mammalian lung the capability of utilizing acetate and glucose for the synthesis of fatty acids (Felts, 1965; Nasr & Heinemann, 1965; Salisbury-Murphy et al., 1966; Chida & Adams, 1967; . Active fatty acid synthesis by this tissue is thought to be related in part to the high phospholipid content [primarily (dipalmitoyl) phosphatidylcholine] and rapid turnover of the surfaceactive material (surfactant) lining the alveolar membranes (Klaus et al., 1961; Tierney et al., 1967) . Preformed fatty acids, particularly palmitate, are also utilized by lung for glyceride synthesis (Havel et al., 1962; Felts, 1965; Buckingham etal., 1966; SalisburyMurphy et al., 1966; Wolfe et al., 1970) . These findings, in addition to a report demonstrating the presence of a lipoprotein lipase in mammalian lung (Heinemann, 1961) , suggest that this tissue is capable of utilizing various precursors for the synthesis of its lipid components.
The precise role(s) of the lung in obtaining fatty acids for glyceride synthesis during various physiological states is unclear at present. It recently has been reported that phospholipid fatty acid synthesis from glucose was decreased in lung slices of starved rats as compared with the values for fed controls . Normal patterns of glucose utilization by lung slices were observed after re- Vol. 126 feeding starved rats, but they were not accompanied by changes in the activities of enzymes supplying NADPH. Schiller & Bensch (1971) have demonstrated an active pathway for the new synthesis of fatty acids by rabbit lung cytosol preparations. Their studies have shown also the presence of cytoplasmic acetyl-CoA carboxylase activity, suggesting the involvement of the malonyl-CoA pathway in the synthesis of fatty acids in this tissue.
It is well documented that fatty acid synthesis via the malonyl-CoA pathway is affected considerably by the nutritional state of the animal. The importance of citrate in the extramitochondrial synthesis of fatty acids, and its altered metabolism during various nutritional states, has been discussed by Lowenstein (1968 Procedures for killing the rats and perfusing the lungs in situ have been described previously . For the lung slice-incubation experiments, tissue slices weighing approx. 100mg were prepared with a Stadie-Riggs hand microtome. Visceral pleura, major vessels and large bronchi were excluded from the slices. Freshly prepared slices were weighed to the nearest milligram and immediately placed into reaction flasks containing the appropriate substrates and calcium-free KrebsRinger bicarbonate buffer (Umbreit et al., 1957) , pH7.4, maintained at 37°C.
The following procedures were used for preparing lung microsomal and cytosol fractions. Tissue slices of approx. 0.5mm thickness were prepared as described above and homogenized on ice with a loosefitting Teflon-glass homogenizer as described by Reiss (1966) ).
Cell-free fatty acid synthesis from citrate
The incorporation of radioactivity from [1 ,5-14C2]-citrate into fatty acids by the 105000g supernatant fraction was assayed essentially by the procedure of Spencer & Lowenstein (1962) . Incubations were conducted at 37°C for 30min and were terminated by the addition of 4.Oml of methanolic 5% (w/v) KOH. Then 2p,mol of palmitic acid was added as carrier to each tube in 100 pl of light petroleum (b.p. 30-60°C). After evaporation of the light petroleum the tube contents were saponified for 1 h at 70°C. The tubes were cooled and the non-saponifiable fraction was extracted twice with 5ml of light petroleum. The tube contents were then acidified with 2.5 ml of 5M-HCI and the fatty acids extracted twice with 5ml of light petroleum. The fatty acids were concentrated to dryness and resuspended in a known volume of n-hexane. Portions were transferred to counting vials, the n-hexane was evaporated and the radioactivity counted in 10ml oftoluene scintillant containing 4g of 2,5-diphenyloxazole and 0.1 g of 1,4-bis-(5-phenyloxazol-2-yl)benzene/I of toluene. Radioactivity counting was performed in a NuclearChicago scintillation spectrometer and the efficiency was determined by the channels-ratio method.
Assay of enzyme activities
The supematant fraction remaining after centrifugation at 105000g for 1 h was used for the assay of liver and lung cytosol enzyme activities. Citratecleavage enzyme [ATP-citrate oxaloacetate-lyase (CoA-acetylating and ATP-dephosphorylating), EC 4.1.3.8] was assayed by the method of Cottam & Srere (1969) . Malate dehydrogenase (L-malate-NAD oxidoreductase, EC 1.1.1.37) was assayed by the method of Ochoa (1955) The utilization of (1,5-14C2]citrate by rat lung slices as assessed by its oxidation to CO2 and incorporation into phospholipid and neutral-lipid fatty acids is shown in Table 1 . A major portion of the citrate utilized was accounted for by its conversion into CO2. Lipogenesis from citrate was greater for the phospholipid fatty acid fraction as compared with the neutral-lipid fatty acid fraction and is consistent with the preferential utilization by lung of various lipid precursors for phospholipid synthesis. Lipogenesis from citrate was decreased by approx. 70% (P = 0.01-0.05) in both the phospholipid and neutral lipid fractions of lung slices from starved rats as compared with the values for the fed rats.
Fatty acid synthesisfrom rat lung cytosolpreparations
The utilization of citrate for fatty acid synthesis by lung slices (Table 1 ) and the demonstration of acetyl-CoA carboxylase activity (Schiller & Bensch, 1971) (Fig. 1) . Routine incubations were carried out for 30min and with approx. 1-2mg of protein. The results presented in Table 2 indicate that omission of NADPH, CoA or ATP, or the addition of avidin to the complete system, decreased fatty acid synthesis from citrate by lung cytosol preparations. The apparent inhibition of fatty acid synthesis by avidin was overcome partially by preincubating lung cytosol preparations with biotin. Fatty acid synthesis as assayed in this system was decreased by approx. 35% in the starved rats as compared with the fed controls. However, the magnitude of the decreased response was not significant (P = 0.1-0.2).
Liver and lung enzyme activities
The activities of citrate-cleavage enzyme, malate dehydrogenase and phosphoenolpyruvate carboxylase in liver and lung cytosol preparations of fed and starved rats are presented in Table 3 . The Table 2 . Cofactor requirements of and effect of alterations in diet on fatty acid synthesis from citrate by rat lung cytosol preparations When avidin alone was added to the complete system (final amount = 50,ug) it was preincubated initially for 15min at 37°C with the enzyme preparation. When avidin and biotin were added to the complete system (final amounts 50,ug and 0.5,umol respectively) they were preincubated together initially for 15 min at 37°C and again for an additional 15min at 37°C with the enzyme preparation. Individual reactions (30min) were initiated by the addition of the enzyme preparation, which previously had been preincubated for 15min at 37°C with no additions, with avidin, or with avidin plus biotin, as required. Additional details are given in the Experimental section and in the legend to Fig. 1 (Kornacker & Lowenstein, 1965; Freedland, 1967; Shrago et al., 1963 Citrate-cleavage enzyme activity was also detected in lung cytosol preparations and was observed to decrease (P = 0.01-0.05) in rats that had been starved for 72h (Table 3) . This finding is consistent with a decreased conversion of glucose Ballard & Hanson (1967b 
Discussion
The utilization by mammalian lung of acetate and glucose for glyceride fatty acid synthesis (particularly phospholipid fatty acid synthesis) has been demonstrated (Felts, 1965; Nasr & Heinemann, 1965; Salisbury-Murphy et al., 1966; Chida & Adams, 1967; . The subcellular site(s) and precise biochemical pathways involved in lung fatty acid synthesis have not been established conclusively. Evidence has appeared suggesting that lung mitochondria are active in surfactant synthesis in general (Klaus et al., 1962) and in fatty acid synthesis in particular (Tombropoulos, 1964) . The report ofactive fatty acid synthesis by a mitochondriarich fraction of lung using acetate incorporation into long-chain fatty acids (Tombropoulos, 1964) does not preclude an elongation of existing fatty acyl-CoA derivatives rather than new synthesis. Mitochondrial fatty acid synthesis generally is believed to involve elongation of fatty acyl-CoA derivatives (Wakil, 1961) , requires NADH as hydrogen donor (WitPeeters, 1969) and, unlike the microsomal and cytosol fatty acid synthetic systems, appears to be unaffected by starvation (Donaldson et al., 1970) . Schiller & Bensch (1971) have demonstrated acetylCoA carboxylase activity in the cell cytosol of rabbit lung preparations and have further reported evidence for the new synthesis of fatty acids via the malonylCoA pathway. Their studies have shown also an 1972 (Table 3) and the apparent absence of 'malic' enzyme activity in lung cytosol raises the question of the fate of the cytoplasmic oxaloacetate formed. Ballard & Hanson (1967a,b) have reported the absence of 'malic' enzyme activity and the presence of citrate-cleavage enzyme activity in foetal rat liver. These investigators found that the activity of citratecleavage enzyme parallels changes in hepatic lipogenesis and suggested that the oxaloacetate formed could enter the mitochondria to support citrate synthesis. Patel et al. (1971) have considered in detail the metabolic fate of oxaloacetate formed by citrate cleavage in rat adipose tissue. Although the enzymes associated with oxaloacetate utilization in rat lung cytosol have not been studied in detail, the results presented in Table 3 suggest two possible metabolic routes: (1) the conversion of oxaloacetate into malate via malate dehydrogenase; malate possibly could re-enter the mitochondria to support citrate synthesis or act in the citrate-transport system as described by Chappell et al. (1967) ; (2) the conversion of oxaloacetate into phosphoenolpyruvate via phosphoenolpyruvate carboxylase. The physiological significance of the apparent phosphoenolpyruvate carboxylase activity in rat lung cytosol preparations is unclear at present; however, it is unlikely that rat lung participates in gluconeogenesis, since significant glucose 6-phosphatase and fructose 1,6-diphosphatase activities have not been detected in this tissue (R. W. Scholz, unpublished work). The possibility that rat lung phosphoenolpyruvate carboxylase functions in glyceroneogenesis, as has been reported for adipose tissue (Ballard et al., 1967; Reshef et al., 1969 Reshef et al., , 1970 , remains to be investigated.
It is emphasized that the quantitative importance of fatty acid synthesis by lung has not been established. In addition to utilizing various precursors for fatty acid synthesis, mammalian lung also actively incorporates palmitate in vivo into phospholipid and neutral lipid fractions of lung lipids (Felts, 1965; Buckingham et al., 1966; Harlan et al., 1966) . The preferential utilization by lung of various precursors for phospholipid synthesis (as compared with neutral-lipid synthesis) is consistent with the high phospholipid content and turnover of the surfaceactive layer that lines the alveolar membranes (Klaus et al., 1962; Tierney et al., 1967) . The possibility also exists that rat lung relies more heavily upon the uptake from the pulmonary circulation of preformed fatty acids (as opposed to new fatty acid synthesis) for glyceride synthesis during starvation. In this context we have observed increased utilization of glycerol by rat lung in vivo during starvation as compared with the fed state . The capability ofrat lung to alter the pattern ofutilization of various precursors for phospholipid synthesis would constitute a metabolic adaptation of value for the maintenance of the surfactant system.
